Abstract -Adult drone honey bees from 4 Australian breeding lines were reared under similar conditions and examined for semen and sperm production when 14, 21 and 35 days old, during spring, summer and autumn. Almost half (40.5%) of all drones examined did not release any semen when manually everted. For those that released semen, the average volume released per drone was 1.09 μL (range 0.72 (±0.04)-1.12 (±0.04) μL) and the average number of sperms in the semen per drone was 3.63 × 10 6 (range 1.88 (±0.14)-4.11 (±0.17) × 10 6 ). The release of semen was dependent on breeding line and age (P < 0.05), but not on the rearing season. The volume of semen released per drone was dependent on season, age, and breeding line (P < 0.05), while the concentration of sperm in the semen was dependent on season and breeding line (P < 0.05). Hence our data indicate that genetics underpins the maturation of drone honey bees as well as the volume of semen they release and the concentration of sperm in that semen.
INTRODUCTION
Mating is the most significant function of an adult drone honey bee (Apis mellifera). During mating, semen is transferred from a drone into the genital orifice of a virgin queen on the wing, via the drone's endophallus, which is everted during copulation (Bishop, 1920a; Woyke, 1964) . After mating, secretions and parts of the drone reproductive organs remain in the genital tract of the queen and signify a 'mating sign' (Woyke and Ruttner, 1958) , which may function to prevent semen from flowing out of the vagina (Bishop, 1920b) . The semen consists of sperm, produced in the testes, and mucus, produced by large mucus glands. Sperm production is largely considered completed by the time drones reach sexual maturity, or when they are about 9-12 days old (Bishop, 1920a) . Sperm is stored in the seminal vesicles of drones until they mate with virgin queens, at which stage it is ejaculated with mucus (semen) when the endophallus is everted. Normally, several drones will mate with a single virgin queen and copulations during flight follow one another about every two seconds (Koeniger et al., 1979) . Each drone ejaculates from 6-12 million sperms and sperm from each mating accumulates in the queen's lateral oviducts (Woyke, 1960; Kerr et al., 1962) . Most of this sperm is subsequently expelled from the queen (Page, 1986 ), but about 5-6 million migrate into the spermatheca, where they are stored until released in small quantities when the queen begins laying eggs (Zander, 1916; Bishop, 1920a, b; Page, 1986) .
Previous studies in south east Australia found low numbers of sperm in the spermathecae of a high proportion of ovipositing commercially reared queen bees less than 35 days old (Rhodes and Somerville, 2003) . This has serious implications for the productivity of colonies headed by such queens, as queen bees are generally superseded and killed by their colonies when they run out of sperm (Winston, 1987) . Possible explanations could be that there were low numbers of drones of the right age available to mate with these queens, or sufficient numbers of drones of the right age but problems with their semen production, or a combination of both.
Limited data are available on the proportion of drones that release semen at the tip of the endophallus following manual eversion. Collins and Pettis (2001) reported 60% of 12-day-old and Anderson (2004) 90% of 20-day-old A. mellifera drones did not release semen after manual eversion. Several studies have been reported on the volume of semen produced by drones and the concentration of sperm in that semen. Woyke (1960; quoted in Rinderer, 1986) stated that an A. mellifera drone produces about 10 × 10 6 sperm, and 1 μL of semen contains about 7.5 × 10 6 sperm. Koeniger et al. (2005) compared sperm numbers between A. dorsata and A. mellifera drones and provided a comparison of sperm counts from A. mellifera drones from various authors. Sperm counts ranged from a mean of 4 (2 ± 0.1) × 10 6 sperms per seminal vesicle for European A. mellifera (Rinderer et al., 1999) , to 11.9±1.0×10 6 sperms per individual drone from an A. m. carnica colony (Schlüns et al., 2003) . Collins and Pettis (2001) considered that the large variation reported in sperm numbers in semen might be due to using viscous and sticky semen to obtain counts. This may cause sperm cells to clump after being experimentally diluted, resulting in measurement errors. However, Bishop (1920a) reported that sperm release themselves more easily in the ejaculatory duct when mucus is more viscous. Koeniger et al. (2005) also stated that, in general, sperm numbers of individual drones show high variance and also suggested this could be due to errors in the sperm counting method. Nevertheless, they concluded that the cause of differences in sperm concentration reported from individual drones was yet to be determined.
The current study was carried out on A. mellifera drones in south east Australia, where studies had previously shown that commercially reared A. mellifera queens contained low concentrations of sperm in their spermathecae (Rhodes and Somerville, 2003) . The aim was to determine whether particular characteristics of drones in that region might have been a contributing factor. We assessed the effects of age, genetics and season on semen and sperm production by examining 14, 21 and 35-day-old drones reared from four different breeding lines during spring, summer and autumn.
MATERIALS AND METHODS

Obtaining drones and measuring semen and sperm production
Three to five open-mated queen bees were produced by standard queen-rearing methods from each of four instrumentally inseminated breeder queen bees that were similar to A. mellifera ligustica and maintained by different commercial queenrearing operations. The daughter queens were used to provide drones for the current study and each represented dissimilar genetic backgrounds and identified as representing lines 1, 2, 3 and 4. Each of the daughter queens was marked and kept in a doublestory hive in a single apiary at Richmond, New South Wales, Australia. To reduce nutritional effects on the drone characteristics being examined, the hives were continuously replenished with pollen and sugar syrup throughout the study. All hives were also free of clinical signs of disease.
Drones were reared from each line during spring (Oct.-Nov.), summer 2004 and autumn 2004 (April). Drone rearing and maintenance involved placing a queen bee in a queen excluder cage on a full frame of drone comb for 24 h.
After the queen had laid eggs in the comb, the comb was removed from the cage and placed in the middle of the brood combs in the brood chamber. Seventy-two hours before the drones were due to emerge the drone comb was placed back in the cage and the cage placed back in the brood chamber. Adult drones that emerged in the cage were marked with a coloured Posca marking pen and released into the hive in which they were reared. All rearing and maintenance of adult drones was carried out in the hive headed by their respective queen mothers. Marked drones were confined to their hive, to prevent loss of drones, by a queen excluder placed between the brood chamber and bottom board and a second queen excluder placed on top of the brood chamber, beneath the super box.
Adult drones were examined at three ages, when 14, 21 and 35 days old. Within each age group, the oldest drones may have been up to 24 h older than the youngest drones, due to the time allowed for the queens to lay sufficient numbers of eggs in each comb. For each examination a sample of 30 drones, or the number of drones surviving to the age being sampled, was collected in the morning before drone flight commenced. Collected drones were held in cages, 16 × 10 × 3 cm, with one side made of queen excluder and placed between frames of unsealed brood in a strong colony until required for laboratory analysis.
Drones were examined for the proportion that released semen at the tip of the endophallus after manual eversion and for the volumes of semen and numbers of sperm produced. Drones were everted manually following the methods described by Collins and Donoghue (1999) . In brief, drones of a known age were stimulated to ejaculate by pressing on the thorax, which usually resulted in partial eversion of the endophallus. Further pressure on the abdomen forced the haemolymph into the endophallus and completed the process. Semen was collected from the tip of the endophallus, with particular care taken to avoid the collection of mucus, which may have caused semen to become viscous and sticky. Semen was collected using a Schley II apparatus and the semen volume, μL, read directly from a Gilmont micrometer syringe (model GS-1100) attached to the collection tip, to an accuracy of 0.1 μL. Drones that did not ejaculate semen or only a small amount of semen not sufficient for measurement were recorded as not releasing semen. The number of sperm in the semen was determined by placing 0.6 μL of the semen (used to measure volume) in 1.5 mL water, mixing with a vortex, and counting the number of sperm present in 25 squares of an improved Neubauer haemocytometer, depth 0.1 mm, 1/400 mm 2 with the aid of a light microscope. The number of sperm produced by each drone was determined from the formula:
Number of sperm/drone(×10 6 ) = Volume of semen (μ L) × total number of sperm counted in 25 squares of the haemocytometer × 25 000.
Statistical analysis
Counts of drones with measurable amounts of semen are binomial variates. These were analysed using a logistic regression model, which is a generalised linear model with a logit link and binomial variance function. Season, age, line and all interactions were terms in the model and the significances of these terms were assessed by sequentially adding each term to the model and the changes in deviance between the nested models were compared to a Chi squared distribution with degrees of freedom being the degrees of freedom of the added term. Semen volume and number of sperm per drone for those drones with semen were analysed as a linear model with season, drone age, breeding line and all interactions included in the model. A square root transformation for both variables was necessary to meet the assumptions of normally distributed residuals. Predictions on the back-transformed scale were shown for all levels of the main effect terms (season, drone age and breeding line) and averaged over all other terms in the model. The logistic regression model was fitted using the statistical software R (R Development Core Team, 2007), utilising the general linear model (GLM) function and the linear model was fitted using ASReml (Gilmour et al., 2006) . Significance of terms was assessed at a probability of 5 percent (P ≤ 0.05). Note that this study was conducted over a one-year period and hence any seasonal effects found may or may not be replicated again had the study been repeated in another year. Each season had only one replication and hence pseudo-replication is involved in any analysis with season as a factor.
RESULTS
Semen release and semen volumes
Only 59.4% of drones examined from the 4 breeding lines released measurable amounts Statistical analyses showed that semen release in the drones was dependent on their genetics (the breeding line they came from) and, to a lesser extent, on their age and the season in which they were produced. The deviance for each term and their associated degrees of freedom and P values are shown in Table V .
For drones that released a semen sample after manual eversion, the mean semen volume was 1.09 (range 0.1-3.6) μL per drone, with a predicted mean of 1.03 μl when adjusted for imbalance in drone numbers for age, season and breeding line. Predicted semen volumes and ranges of volumes for drones that released a measurable volume of semen are shown in Table III for season, age and breeding line. Semen volumes were significantly higher for spring than summer and autumn reared drones, which produced the smallest volumes. Volumes were also significantly higher in the 14-and 21-day-old drones than in 35-day-old drones. A significant line effect was also identified, with lines 2 and 4 producing greater volumes than line 3, with line 1 producing the smallest volumes. Significance for all terms in the model are shown in Table V . The relative sizes of the F values and a perusal of the predicted values showed that genetics (breeding line) had the largest effect on semen volume, followed by the age of drones with all other terms having much smaller effects.
Sperm numbers
The mean number of sperm produced per drone was 3.63 (range 0-19.1) × 10 6 , with a predicted mean of 3.17 × 10 6 when adjusted for imbalance in drone numbers for age, season and breeding line. Predicted means of the number of sperm produced per drone and range of sperm numbers for drones releasing a measurable volume of semen are shown in Table IV for season, age, and breeding line. A season effect was identified, with autumn reared drones producing significantly more sperm than summer and spring reared drones, which produced the least sperm. An age effect was also identified, with 21-day-old drones producing more sperm than 14-and 35-dayold drones. Genetics also affected sperm production (P < 0.05), with drones from line 2 producing more sperm than drones from lines 3 and 4 and line 1, which produced the least sperm. Significance for all terms in the model are shown in Table V . The relative sizes of the F values and a perusal of the predicted values showed that the season in which drones were reared had the largest effect on sperm numbers, followed by breeding line (genetics) and, to a lesser extent, age. 
DISCUSSION
The total numbers of drones that survived to ages 14, 21 and 35 days in each of our experiments are not known, but from the number of drones marked at emergence, it was clear that most did not survive longer than 35 days (Tab. I). Only about 4% of the 3821 marked spring-and summer-reared drones survived to 35 days, whereas none of the 2109 marked autumn-reared drones survived to 35 days (Tab. I). Hence, the life span of drones in our study was similar to that reported in other studies (Witherell, 1972; Fukuda and Ohtani, 1977) .
The volumes of semen in drones of the four breeding lines (Tab. II) were also mostly comparable with those reported in other studies. The mean volume of semen per drone in our studies of 1.09 μL (range 0.72 ± 0.04−1.12 ± 0.04 μL) (Tab. III) was within the range reported by Woyke (1960; quoted in Rinderer, 1986 ) of 1.3 μL per drone, and by Collins and Pettis (2001) of 0.95 (range 0.48-1.67) μL per drone. However, the mean number of sperm produced per drone in our study, 3.63 (range 1.88 (±0.11)-4.11 (±0.17)) × 10 6 (Tab. IV) was at the lower end of sperm numbers reported in studies by Schlüns et al. (2003) of 11.9 (±1.0) × 10 6 , Woyke (1960; quoted in Koeniger et al., 2005) of 11-12 × 10 6 , Collins and Pettis (2001) of 8.66 × 10 6 , Köhler (1955; quoted in Ruttner, 1956 ) of 4.5 × 10 6 and Anderson (2004), 3.19 (±2.37) × 10 6 . Interestingly, the sperm count obtained by Anderson (2004) was similar to that obtained here, was obtained using a similar counting method to ours, and was also obtained using drones in a commercial queen-rearing apiary in the same region as our study (south east Australia). Hence, while the volumes of semen produced by drones in our study were comparable with those from drones observed in other studies, the concentration of sperm in their semen was generally less. As the drone mother colonies in our studies were fed pollen and sugar syrup on a continuous basis, it is unlikely that the reduced sperm concentrations were due to nutritional effects. Perhaps the large differences in sperm numbers reported to date by different authors may be due to differences in the counting method used. In our study sperm was counted in semen released at the tip of the endophallus following manual eversion and dilution in water, whereas, in some other studies, sperm numbers have been determined in seminal vesicles.
In our study, increasing semen volume did not always correspond with increased sperm numbers. The predicted means for semen volume (Tab. III) showed a seasonal effect, with spring drones producing significantly higher volumes of semen than summer and autumn drones. Yet, autumn drones produced significantly more sperm than summer drones, which, in turn, produced more sperm than spring drones. The higher volume of semen produced by spring drones but lower numbers of sperm (Tab. IV) indicates a seasonal effect on sperm production.
The drones examined in our studies released semen at a much older age than has been previously reported. Earlier studies reported that sperm production in drones is largely completed by the time adult drones reach sexual maturity and can be released in the seminal fluids of drones at that stage, or when they are about 9-12 days old (Bishop, 1920a ). Yet, in our study, a far higher proportion of drones released semen at the endophallus after manual eversion when aged 35 days (75.8%) than when aged 14 days (58.6%) or 21 days (52.6%) (Tab. II). Anderson (2004) also reported that adult drones older than 20 days produced more semen than younger drones and, as mentioned, that study was carried out in a similar geographical region to that of the current study. Thus, there appears to be greater variation in the time that drones reach sexual maturity, which is the stage at which they release seminal fluid and sperm from the endophallus (Bishop, 1920a) , than is currently recognized. Our results also indicated that semen release (and thus the time taken for drones to reach sexual maturity) is dependent on the genetics of the drones. For instance, significantly more drones from line 2 released semen at day 14 than drones of the other lines (Tab. I). Line 2 queen mothers were sourced from a honey bee breeding program which has been in operation in excess of 20 years with selection based on field evaluation combined with the use of instrumental insemination to produce the following season's breeding stock. While not specifically selecting drones producing a large volume of semen, these drones may have inadvertently been selected over drones producing a smaller volume of semen.
Sperm numbers in drone honey bees have been found to depend on body size (Schlüns et al., 2003) . Even though we did not measure body size here, our results clearly showed that sperm numbers in drones also depend on the genetics of the drones. Drones from line 2 produced significantly more sperm after manual eversion than drones derived from the other 3 lines (Tab. IV). Indeed, our data indicates that the genetics of the drones underpins all aspects of seminal fluid and sperm production in drones, including the proportion of drones that release semen, the volume of semen produced per drone, and the number of sperms produced per drone.
A relatively large proportion (40.6%) of all drones examined here when 14 to 35 days old did not release semen (and, hence, sperm) . This was due to the drones either releasing no semen or insufficient amounts to be collected (Tab. I). High percentages of drones producing no or small amounts of semen after manual eversion were also reported by Collins and Pettis (2001) and Anderson (2004) for A. mellifera drones. Should queen bee mating involve one or more flights over one or more days mating with a sufficient number of drones until a sufficient, but unknown volume of semen containing an unknown number of sperm has transferred to the spermatheca, which then acts as the trigger for halting mating flights, then semen quality, semen volume and sperm numbers, of individual drones is reduced in importance. Data showing a high proportion of young, recently mated, ovipositing queen bees with low numbers of sperm in their spermathecae (Rhodes and Somerville, 2003) suggest the presence of a mechanism in the queen bee mating procedure which results in queen bees halting their mating flights and commence ovipositing irrespective of the number of sperm present in their spermatheca. Should such a mechanism be present, then the importance of sufficient numbers of drones of high quality at queen bee mating areas at the time of queen mating becomes greatly enhanced, from the perspective of the production of commercially reared queen bees. The issue of large numbers of apparently mature drones (drones aged 9-18 days) releasing little or no seminal fluid and sperm after manual eversion clearly warrants further investigation, particularly to determine if those drones are equally able to mate with queens as effectively as drones that produce large amounts of semen and sperm, and if queens that receive fewer sperms during mating store less sperm in their spermathecae than queens that receive more sperms during mating. This is because queen bees with fewer sperms in their spermathecae after mating tend to be superseded or replaced sooner by colonies than queens with higher numbers of sperms in their spermathecae.
Finally, our studies have shown that particular characteristics of adult drones in south east Australia, such as their slower maturation period and their production of relatively low numbers of sperms, may be contributing to a problem of low numbers of sperm in the spermathecae of commercially-produced queen bees in this particular region (Rhodes and Somerville, 2003) . As those drone characteristics are also strongly influenced by genetics (see results), it would be advisable for queen breeders and producers in south east Australia (and, indeed, in all other regions) to routinely test drones of breeding lines for semen release and sperm production, ideally when drones are 14 days old. 
